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Optical absorption spectra of Frenkel excitons in random one-dimensional systems are presented. 
Two models of inhomogeneous broadening, arising from a Gaussian distribution of on-site energies, 
are considered. In one case the on-site energies are uncorrelated variables whereas in the second 
model the on-site energies are pairwise correlated (dimers). We observe a red shift and a broadening 
of the absorption line on increasing the width of the Gaussian distribution. In the two cases we 
find that the shift is the same, within our numerical accuracy, whereas the broadening is larger 
. . . when dimers are introduced. The increase of the width of the Gaussian distribution leads to larger 

' differences between uncorrelated and correlated disordered models. We suggest that this higher 

broadening is due to stronger scattering effects from dimers. 
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PACS numbers: 71.35-Hz; 36.20.Kd; 78.90. -Ht 



I. INTRODUCTION 



Recently, several researchers have shown that struc- 
i tural correlated disorder has profound effects in random 
systems and produces a variety of unexpected phenom- 
~V , ena. It is by now well known that a band of delocalized 
' electrons appears in tight-binding HamiltoniaiiS|yith cor- 
, related diagonal and/or off-diagonal elements. Ena A more 
' dramatic occurrence of electron delocalization arises in 
lO . continuous models with dimer impurities as well as in 
On disordered semiconductor superlattices with dimer quan- 
tum wells, where -there exist infinitely many bands of 
delocalized states.Q~U What is most important, delocal- 
ization by correlation is not restricted to electrons, as 
suggested by the occurrence of delocalized viiujations in 
^ • classical random chains with paired disorder .BE3 Further- 
Q I more, time-domain analysis of Frenkel excitons in sys- 
O ' terns with traps randomly placed in an otherwise perfect 
^ ^ lattice shows that the coherent quantum transport is also 
• ^ . affected by pairing of these traps, but trapping is less ef- 
' fective as compp-ed to systems with the same fraction of 
^ . unpaired traps .EJ 

- - ' Roughly speaking, correlated disorder seems to retain 
some of those special features characterizing periodic sys- 
tems; in other words, there exists a competition betweeen 
short-range correlation and long-range disorder leading, 
for instance, to delocalization of electrons and phonons or 
to the occurrence of a major contribution of the slowly 
decaying modes in exciton trapping processes, as men- 
tioned above. However, in this paper we point out that 
this conjecture is not always valid. In particular, we con- 
sider optical absorption of Frenkel excitons in unpaired 
as well as in paired disordered models, focusing our at- 
tention on inhomogeneous broadening due to a Gaus- 
sian distribution of on-site energies in a one-dimensional 
lattice. We show that inhomogeneous broadening is en- 
hanced when structural correlations arise since exciton 
scattering from dimers is stronger as compared to scat- 
tering from unpaired sites. 
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II. MODEL 



We consider N optically active centers in a regular lat- 
tice with spacing unity. For our present purposes, we 
neglect all thermal degrees of freedom (electron-phonon 
coupling and local lattice distortions). Therefore, the 
effective Hamiltonian for the Frenkel-exciton problem 
can be written in the tight-binding form with nearest- 
neighbor interactions as follows (we use units such that 



efcalofc + (aj^flfe+i + 4+-^afe), (1) 



where ak and are Bose operators creating or annihilat- 
ing an electronic excitation of on-site energy e^. Here T 
is the nearest-neighbor coupling, which is assumed to be 
constant in the whole lattice. On-site energies are subject 
to diagonal disorder representing inhomogeneous broad- 
ening, for which a Gaussian distribution is the proper 
theoretical approximation. In what follows we consider 
two different models, namely uncorrelated and correlated 
disordered systems. This enable us to separate the ef- 
fects merely due to optical absorption in one-dimension 
from those which manifest the peculiarities of the corre- 
lation between random paramat^f&j The first model can 
be drawn from the distributiorl 



P{ek,e,a) = J— exp 
V Svrcr^ 
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(2) 



with average e and width a. It is important to stress 
that neighbor on-site energies are uncorrelated random 
variables. On the other side, to build up our correlated 
disordered model, we chose e2fc-i according to the Gaus- 
sian distribution given in and then take e2fc = £2fc-i- 
This step is repeated at every odd site of the lattice, 
hence leading to a set of paired correlated on-site ener- 
gies (dimers). 

Having presented our model we now describe the 
method we have used to calculate the absorption spec- 
tra. The line shape I{E) of optical absorption in which a 
single exciton is created after pulse excitation in a lattice 
with N sites can be obtained as followsE3 

I{E)^-^ dte-"' siniEt) Im Gk {t)j , 

(3) 

where the factor exp(— ai) takes into account the broad- 
ening due to the Lorentzian instrumental resolution func- 
tion of half width a. Hence the resulting spectra are 
the convolution of the inhomogeneous broadening due to 
Gaussian disorder and the instrumental resolution func- 
tion. The correlation functions Gk {t) obeys the equation 
of motion 

^jGkit) Hk,G,{t), (4) 

j 
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with Hkj = ekSkj + (1 — Skj)T with j = k — l,k,k + 1, 
and initial condition Gk{0) = 1. Therefore, the compu- 
tation of optical spectra reduces to solving the discrete 
Schrodinger-like equation using standard numerical 
techniques. 

III. NUMERICAL RESULTS AND DISCUSSIONS 

We have solved the equation of motion for chains 
of N = 2 000 sites using an implicit integration scheme. 
In order to minimize end effects, spatial periodic bound- 
ary conditions are introduced. Energy will be measured 
in units of T whereas time will be expressed in units of 
T^^. To make contact with experiments, we note that |r| 
is proportional to the exciton bandwidth in the perfect 
lattice, so that energy and time scales can be deduced 
from experimental data. Since we are mainly interested 
in the comparison between uncorrelated and correlated 
disordered models rather than in the effects of the differ- 
ent parameters on the optical absorption process, we will 
fix the values of e and T focusing our attention on the 
width a. In particular, we have set I — A and T = — 1 
henceforth as representative values. The width of the 
instrumental resolution was a = 1/4. The distribution 
width a ranged from up to 0.5. 

In the absence of inhomogeneous broadening (a — 0), 
the absorption line shape is a Lorentzian function cen- 
tered aX E — e + 2T, which with our choice of parameters 
is E = 2. The full width at half maximum (FWHM) 
is 2a. For ct 7^ a broadening of this main line is ob- 
served accompanied by a shift of its position to lower en- 
ergies on increasing a, as shown in Fig. ^ for correlated 
as well as uncorrelated disorder. Unlike optical spectra 
in random binaPY systems, i-where tk takes only two dif- 
ferent unpairedta or pairedtJ values, there are no signa- 
tures of satellites appearing in the high-energy region of 
the spectra, at least in the range of parameters we have 
considered. Only a long high-energy tail is observed on 
increasing a. 

From Fig. Q several conclusions can be drawn. First, 
the shift to lower energies increases with increasing a in 
both models. A similar shift is also found using the co- 
herent potential approximation (CPA) but the CPA fails 
to predict its value correctly, bringing up a sipaller shift 
than that observed in numerical simulations £3 Second, 
this red shift is the same in both models for a given value 
of cr, within our numerical accuracy. Hence, we are led 
to the conclusion that the effects of correlation cannot 
be deduced from this shift. Third, and more important 
from an experimental viewpoint, there are substantial 
differences regarding the width of the optical spectra. 
In all cases we have studied we found that the FWHM 
is larger for correlated inhomogeneous broadening, and 
that the difference increases on increasing a. This result 
is shown in Fig. ||, where it is seen that the FWHM is 
2a = 0.5 close to cr = 0, as expected, but increases more 
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pronouncedly when correlation is present. This result is 
somewhat unexpected since it indicates that correlated 
Gaussian disorder disturbs exciton dynamics much more 
than uncorrelated disorder. This is to be compared with 
previous results on random systems with traps appearing 
pairs in an otherwise perfect lattice, where pairing causes 
less disruption of Frenkel-exciton dynamics as compared 
to those systems without this constraint ,EiJ as mentioned 
in the Introduction. In particular, the depletion of the 
q = exciton mode is slower when traps are paired. How- 
ever, our present results suggest that in the case of inho- 
mogeneous broadening the behavior is just the opposite, 
i.e., correlations create centers causing larger scattering 
effects on excitons. To validate or discard this suggestion 
we have evaluated the probability of finding an exciton in 
the q = jaode at time t after pulse excitation, obtained 
as foUowsEj 



(5) 



Figure ^ shows the results for a — 0.50, although we 
have found similar behavior in all cases. From this figure 
we can see that P{t) decays faster when correlations are 
present. Since in our system there is no trapping, the 
g = mode is only depleted by disorder, thus indicating 
that scattering by dimers is more important than scatter- 
ing by uncorrelated single sites. In this sense correlated 
systems are more disordered that uncorrelated ones, thus 
explaining the larger inhomogeneous broadening in the 
former systems. 

Finally, let us comment that the CPA predicts a much 
smaller FWHM than that found by numerical integra- 
tion in the case of inhomogeneous broadening in uncor- 
related disordered lattices.EHl Therefore, the CPA failure 
is even more dramatic in the case of correlated disorder, 
strongly suggesting that future theoretical works should 
rely on different grounds. Probably, a renormalization of 
the lattice considering the dimer defect as a single entity, 
as much as in the line we have recently proposed in the 
case of trapping|-Qf classical excitons in correlated dis- 
ordered systemsjij could be a good starting theoretical 
scenario to fully account for optical spectra. 



IV. CONCLUSIONS 

In summary, we have studied the effects of inhomo- 
geneous broadening on the absorption spectrum corre- 
sponding to the Frenkel-exciton Hamiltonian for random 
systems. Two different models have been considered; in 
both cases broadening arises from a Gaussian distribu- 
tion of on-site energies. In uncorrelated disordered sys- 
tems on-site energies are chosen according to the Gaus- 
sian distribution at every site, whereas in correlated dis- 
ordered systems this selection is made only at odd sites 
and even sites take the value of the preceding site. There- 
fore, the correlation length is of the order of the lattice 
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spacing. Our results show that the presence of struc- 
tural correlations in random systems can be then readily 
determined from the analysis of the absorption spectra 
of these samples. By comparing the obtained spectra in 
both models we found an identical red shift of the ab- 
sorption line while inhomogeneous broadening is more 
pronounced whenever correlations are present in the lat- 
tice. We have realized that the q = mode is depleted 
faster in systems with correlated disorder, thus indicating 
a stronger scattering effects from dimers. From a theo- 
retical viewpoint, we have pointed out that CPA failures 
are even more noteworthy in the case of correlated disor- 
dered systems. Hence, the necessity of a new theoretical 
framework to deal with random systems with structural 
correlations becomes a very appealing task. 
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FIG. 1. Absorption spectra for one-dimensional random 
lattices with Gaussian distribution of correlated (solid lines) 

and uncorrclatcd (dashed lines) on-site energies of with 
cr = 0.15 and a = 0.50. Vertical scale is the same in all 
cases. 

FIG. 2. Full width at half maximum (FWHM) as a function 
of a for correlated (solid lines) and uncorrelated (dashed lines) 
disordered systems. 

FIG. 3. Probability of finding an exciton in the q = mode 
at time t for correlated (solid lines) and uncorrelated (dashed 
lines) disordered systems with a = 0.50. 
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